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A BROADBAND DIGITAL DIODE PHASE SHIFTER USING A MATRIX
INTERCONNECTION OF QUADRATURE HYBRID COUPLERS

INTRODUCTION

There are numerous microwave applications that require 2- or 3-bit digital phase
shifters operating over broad bandwidths. PIN diode devices are generally used for rapid
switching between phase states. The three common types of digital diode phase shifters
include the standard switched line type, the loaded line type, and the switched line type that
uses Schiffman constant-phase-shift sections. Since the differential phase shift of the
standard switched line phaser is proportional to frequency, its operational bandwidth is
inherently limited if a flat phase shift is required. Loaded line phasers can achieve band-
widths greater than an octave, but only for low values of differential phase shift Ay [1].
For Ap > 90°, the loaded line phaser is limited to bandwidths of less than one octave.
The switched line phaser that uses Schiffman sections is limited by the bandwidth of the
Schiffman constant phase shift sections and the resonance in the “off” path [1,2].

When the 90° phase relationship between the two outputs of 3-dB quadrature hybrid
couplers is used, it is possible to build a broadband 2-bit phaser that uses a minimum
number of diodes but does not use Schiffman sections. The bandwidth is limited pri-
marily by the bandwidth of the hybrid couplers which have been built to operate over
several octaves, and the frequency response of PIN diodes that act as open circuits and
short circuits.

CIRCUIT DESCRIPTION

A matrix-type interconnection of couplers is shown in Fig. 1, where each.coupler is
shown schematically as a forward wave coupler.

| o o o 0 A
2 B
3 c
40 —O— -0 >0 D

Fig. 1—Hybrid matrix interconnections

Note: Manuscript submitted December 12, 1974.
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It may be assumed for the time being that each coupler is ideal; i.e., it is lossless,
perfectly matched, has an even power split between the two outputs with exactly 90°
phase difference, and infinite isolation at the isolated port when a single input is applied.
The scattering matrix for each ideal 3-dB quadrature hybrid coupler is

0 0 1 j
0 0 j 1
1 .

v2i1 j o0 o

[s] =

where the four ports are labeled as in Fig. 2

10~ -03

Fig. 2—Three decibel quadrature hybrid

20 -04

Since the isolation and reflection component voltages are zero, we may consider only the
voltage transfer terms. That is, for a single coupler

= [81] where [S11 = =—=

A E, V2 i 1

Then for the matrix configuration of ideal couplers in Fig. 1, it is straightforward to show that

A [1 0o o 0] B, ]
Ve | Sl:l 0llo o 1 of|S: 'i'_o_ E,
VC_O_:SI 0 1 0 of|lo | s|]|E;
2l 0 0 o 1 £y
or

(v, | (1 ;i 1| [E]

Vg 1|7 -1 1 j E,

Ve 2 J 1 -1 J Eq

Vp -1 1 E4J
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Define [L] by

(1 0 o0 o]
| |
Sy, 0l jo o 1 oS, O
[L] = _ - == |l — —
0o ls;/jo 1 0 offlo s
0 0 0 1
— -
so that
Va E;
Vp E,y
[VABCD] = = [L] = [L] [E1234] .
Ve Eg
’ Vb E,
Now [L] ™} = [L]1*. That is,
Elj Va
E, 1 Vg 1
[Ey9s4] = = [L]” = [L17'[V 1
. E3 VC ABCD
B4 | VD |

where [E;934] are the input voltages on the left side of Fig. 1 that cause [V4pcp] on
the right side. However, if voltages [E4pcp] are applied on the right side, then by sym-
metry [V;934] = [L1[E4pcpl are the resultant output voltages on the left side.

If each output {A, B, C, D} on the right side of Fig. 1 is terminated with a mis-
match {[y, I'g, Iz, Ip}, then at each port the input to that port will be I'y times the
output from that port; i.e., E4, = Iy, V4, ete. Thus, the resultant voltages out on the
left side of Fig. 1 will be

7] [~ 7] B T 7

v, E, r, 0 0 O E,

Vo Ep 0 Iz 0 O E,
= [L] = [L] [L]

Vs Ec 0 0 I © Eq

V, Ep 0o 0 o0 Ip E,

- . - —d .. - L.

where E; denotes the voltage input to the ith port and V; denotes the voltage output

from the ith port.
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An input signal (normalized to 1 V) can be applied at only one input port, for ex-
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ample port 1. Elementary matrix multiplication yields

v, = %
v, =3
Vs = %
v, - %

If I’y is restricted to *1, then the outputs for the specified combinations of I'y would be

as given in Table 1,

[y ~ I - T + Ipl

][FA - FB + FC - FD]

][FA +FB - Fc“‘ FD]

["‘FA _FB_FC_FD]'

Table 1
Output Voltages for Input at Port 1
Voltage Out | Voltage Out
Ta Is Ie Ip at Port 3 at Port 4
-1 -1 -1 -1 0 1L 0°
+1 T+ +1 +1 0 1/, 180°
+1 +1 -1 -1 1L 90° 0
-1 -1 +1 +1 1L 270° 0

where the voltages out at ports 1 and 2 would be zero for all cases shown, and the 0

phase reference is arbitrary.

If the unit voltage input were applied at port 2 rather than at port 1, the output

listing would be as in Table 2,

Table 2
- Output Voltages for Input at Port 2
Voltage Out | Voltage Out
La g Ie b at Port 3 at Port 4
-1 -1 -1 -1 1L 0° 0
+1 +1 +1 +1 1/, 180° 0
+1 +1 -1 -1 0 1L 270°
-1 -1 +1 +1 0 1L 90°
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where the reference (zero) phase angle is the same as that used for the case where the
input was applied to port 1.

If the mismatch at each port {4, B, C, D} is now implemented by terminating that
port with a PIN diode, and if the diode is reversed biased, then the port will be open

circuited to the RF and I’y = +1. If the diode is forward biased, the port will be short
circuited to the RF and [y = —1. This of course presupposes an ideal diode.

If a SPDT switch is then used to select port 3 or port 4 as the output, a 2-bit (0°,
90°, 180°, or 270°) digital phase shifter is obtained. In practice a transfer, or DPDT

switch would be used to terminate the unused port in a matched load. The complete
RF circuit for the phase shifter is shown in Fig. 3.

INPUT —o— o o o—X)
§_¢ ' o
< 7° ©
-
2.
~
OUTPUT o< > -

D
—>o0—o o o <>—®)

Fig. 3—Two-bit digital diode phase shifter

PIN
DIODES

Bias circuits are required for the diodes and probably DC blocks would be required.

The important feature of this phaser is that it is potentially very broadband; the band-
width is limited by the hybrids, which can be built to cover several octaves, and the
ability of the opposite diode states to track with frequency. The transfer switch is also
a limitation, but these switches have been built to cover several octaves. There are no
“off” paths to generate loss spikes at resonant frequencies. An additional advantage for
the use of this phaser is that each of the four diodes terminating the coupler matrix
handles only one-quarter of the total input power.

- The diode biasing and transfer switch positions that are used to achieve various dif-
ferential phase shifts for the phaser shown in Fig. 3 are listed in Table 3. This assumes

: Table 3
Diode Biasing and Transfer Switch Settings for a
2-Bit Phase Shifter
Differential Transfer Switch | Diode Biasing
Phase Shift Position A&B C&D
0° 1 Forward | Forward
90° 2 Reverse |Forward
180° 1 Reverse |Reverse
270° 2 Forward | Reverse

GITITSSYTIIND
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no phase change between the two posicions of the transfer switch. If the switch were of
the phase-reversal type, i.e., 180° phase change between the two outputs for a given in-
put, Table 3 would have to be modified by interchanging the 90° and 270° settings.

If an additional transfer switch and a 45° Schiffman constant phase shift section are
used on the input as shown in Fig. 4, the phaser becomes 3-bit rather than 2-bit,

_ |NPUT ﬁ"\ 1 /%—G—/_\—Q— O— 4———0—@)\
< X X

2
2
% ' N
I
DIODES

PIN
é—«b—» CF
I
2N
> X X
27N

D
OUTPUT o o——0 o — ‘°"®J

Fig. 4—Three-bit digital diode phase shifter

oL
\

The diode biasing and transfer switch positions for different phase shifts are listed in
Table 4. This listing again assumes transfer switches that do not reverse the phase; modi-
fication to have either or both switches of the phase reversal type is straightforward.

Table 4
Diode Biasing and Transfer Switch Settings for a
3-Bit Phase Shifter

Transfer Switch Diode Biasin
Differential Position g
Phage Shift

1 I A&B C&D
0° 1 1 Forward | Forward
45° 2 2 Forward| Forward
90° 1 2 Reverse | Forward
135° 2 1 Forward| Reverse
180° 1 1 Reverse | Reverse
225° 2 2 Reverse | Reverse
270° 1 2 Forward| Reverse
315° 2 1 Reverse | Forward

The 0° reference state is arbitrary for both the 2-bit and the 3-bit phasers since the
primary concern is the differential phase shift rather than the absolute phase. Also, both
phasers are obviously reciprocal in operation.

6
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GENERAL ERROR ANALYSIS

So far, the phase shifter has been built from ideal components. Since ideal compo-
nents are somewhat difficult to obtain, the effects of real-world imperfections of the
components upon the performance of the phaser must be considered. To do this, the
scattering matrix must be calculated for the 2-port device obtained by terminating two
ports of an imperfect 3-dB hybrid coupler with imperfect diodes (Fig. 5). The imperfect
coupler can be characterized by a 4 X 4 scattering matrix [S];

3
o o—(X) DIODE A

Fig. 5 —Three-decibel hybrid
with two diode terminations

N o

2——4:)[MODE B

[s1 =

S14 = 844 = Sa3 = 839,

and the scattering matrix may be expressed in terms of the four quantities S;,, S;9, S73,
S14. We shall work with the generalized scattering matrix; however, to simplify the
matrix manipulation, let us partition [S] into four 2 X 2 matrixes;

where

A3TITSSYTIOND
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S11 Sig S13 Sia
[011] = [012] =

| S21 Sag | S23 Sa4]

S31 Sag S33  Saa
[02:] = [022] =

| S41 Sz | Sa3 Su4 |

Port 3 is terminated by diode A, which results in a reflection coefficient of I'y. Similarly,
port 4 sees Iz, For real diodes |Iy| < 1.

Denote the input voltage at the ith port by E;, and the output voltage by V;. Then
for the coupler

Vi -E1T { E,
011 | 012
Ve E, | E,
=181| | = |- |-
V3 E3 | E3
091 : O22
_V;_ uE4_ L : 1 [Fa]
But Eg = Iy V3 and E, = I3V,. Thus,
vl [ L (s ]
|
011 | b1z
Va ! Ey
S R R o _
= i
V3 | FA V3
621 : 022
Vil | : J 1A
From this
Va E, r, o] [v,
= [09;1] + [095]
V4 2 0 FB V4
Now define
I, O
[Tyl =
Then
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v, E,| ., Vs
= [09:1 + [0951[T4 51
LV4 Ez_ _V4J
) i Vs (El—
[(n - [922][FAB] = [921]
v, E,
rV3_ o By
= [I] - [922][FAB] [921]
v, E,
v, | E, | r, ol |v
= [041] + [645]
Vs E, 0o Tyl |v,
_Vl_ —El— . — 1 El
= [041] + [019][T4p] [[I] - [0521[T4Bl| [62:]
Kl | P2 | 2
—V1_ Eq
= [MAB]
_Vz_ 2

where

(Mgl = [011] + [6121[T4p] [[I] - [922][FA1§]]-1[021]
is the 2 X 2 scattering matrix for the 2-port device shown in Fig. 5. The AB subscript
indicates that the matrix is a function of the states of diodes A and B.

The circuit shown in Fig. 1 can be redrawn and each coupler labeled as shown in Fig. 6.

We wish to find the 4 X 4 scattering matrix for this 4-port circuit; i.e., we want [R]
such that

Vi _EI ]
Vi Eqy
= [R]

Vin Em
Wiv LEIV
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[ 3 A
I o— o 0 o—i)
B
I
PIN
DIODES
2 4 C
m
. D
Y o —0 o o—@/

Fig. 6 —Hybrid matrix with four diode terminations

Thus for any single input, the appropriate term in [R] will give the resultant voltage
amplitude and phase at each output port. Since [R] is a function of the individual com-
ponent parameters, including the diode reflection coefficients, the effect of less than ideal
components on the phaser is found by calculating the reflected voltage at the input port
to determine mismatch and the voltage at the output port for each desired value of phase
shift. Which particular port serves as the output and the required diode biasing are deter-
mined by the desired phase shift. The different output voltage amplitudes and phases can
be compared to determine loss, amplitude modulation, and differential phase shift error.

Denote EIJ as the input volﬁage to the ith port of the jth coupler, where the coupler
ports are numbered as in Fig. 2. Similarly, V! is the output voltage from the ith port of

)
the jth coupler. From the interconnections of Fig. 6, it is apparent

E} = V3eia E3 = vieia
3 1 1 3

E}l = V‘lle'ja E‘l1 = V}le_ja
E2 = viedo  E3 = vielo
E2 = vieJo  Ej = Viel®,

where a is the electrical length of the interconnecting sections, which are assumed to be
equal. If it is assumed that the four couplers are identical, they have the same scattering
matrix [S];

vi Bl V2 B2
Vs Ej Vs E}
= [S] ; = [8]

V3 Ej V3 E3
vi El V2 E2
i 4_ B 4_ K 4_ B 4J

10
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These last two 4 X 4 matrix equations can now be combined into a single 8 X 8
matrix equation, as

—V}—- _E}—
V3 E3
Vs E3
il [s10||=
= |-==1-=-~
V2 o, s ||E2
V3 E3
v2 E2
V2 LEZ
S 10
Define [®] = [-- —:— ——| . Now use the relationship between E{ and Vf listed earlier;
0o! S
_V}_ i Bl |
V3 Ej
Vi viei®
il e
al ] e
v E3
V2 VieJa
V2 Vieia

A row transformation is now used.

11
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E} 100000 0 0| Ej
E} 01000UO0UO0O|| E}
E% 000010 0 0f|V3eia
E% 0000010 0||Viela
V{'e‘ia=001ooooo E2
v3eia 0000O0OT OT1O0|| E
Viea 0001000 0f|Vieia
V‘;e‘f‘] 0 000 0 O0 0 1]|]|Viea
L | I .

The 8 X 8 transform matrix is defined as [@]. Since [@]7! = [Q]7, we have

vi E}
V3 E3
£ E}
Vi I, 0 ||E
= [@][Q)7 | ~~-1---
16 0! a [|V}
V2 Vs
v vi
vi] K

where [a] = e 7®[[]. Using the results obtained for the 2 X 2 scattering matrix of a
coupler terminated by two diodes, we see that

- - - - _ -

V3 E3 Vietia
sl = [Mapl | .| = [Magl | ,
V2 E2 V3e—]a
rv‘{ FE‘{ Vie i@
= [Mcpl = [M¢pl .

v z Vi

Thus
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_ -
El A Eq
E3| | = Ej
2 | 2
E% I I |10 E%
e —_ ] o= __ _

| | | 1

v Mgl O 0 1 a V3
3 0 :”ﬂ“‘ ' 2
V2 : 0 : MCD V3
B B 1

Vi Vs
2

V3 Vi

where as usual, [I] is the unit matrix of the appropriate dimensions, in this case 4 X 4.
We now have

1] T

1 i

V% [~ ! - E%
[

3 | 2
V3 | I I 0 I El
Vi I 10 : I 10 E%

,| = [21Q1” |-=--—=| |------ | |- ]
Vi 01 a 'Mypt O 01 a ||Vs

2 ' 0 fm = =l [ 0

!
V2 : 0 IMCD V3

2 | | i 1
Vg [ vi

2 2
Vy %

Another row transformation matrix is used;

Vi 100 000 O0O Vi
V3 01000000 Vi
V2 0 0001000 Vi
V2 00000100 Vi
V},,=00100000_V§
V2 00000010 V2
Vi 000100T00 V2
V‘%J 0000 O0O0O0 1 V2

ot
S\
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This row transformation matrix is the same as the previous one, namely [@]. Thus,

Vﬂ El
1 1
2 ' 2
V3 110 | 110 ||E2
X = [Q1[®][Q]T il B bbb el B Il - X
Vs 01 a IMyg! O 01 a V3
0 I 0 :__‘__:____ I 5
V3 1 0 IMCD V3
1 i | r 1
Vi V4
V2 vi

_ | _

|

I I : 0 I

ol ! ' o | I,0
[P] = [QI[®}[RQR)" |[---1--- |-—————- bkt B ===
0| a IMyp! O 0, a
| 0 :———:——— |
I 0 lMCD
L [ b
. _ - -
1 1 1
Vi V3 E;y
V3 V3 Ep
[X] = E [yls= NE [E] = 0
v? v B2
2 2 2
Vi LV4 Ej
Then
X E
= [P]
Y Y

To eliminate [Y] and to reduce to a 4 X 4 matrix equation, partition [P] into four 4 X 4
submatrixes.

14
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(P) = |-=----

[X] = [P;][E] + [Py5][Y]
Y1 = [Py 1[E] + [Pyyl[Y]

(111 - [Poa]] [Y] = [P ]IE]

(Y1 = [0 - [Poa] | " [Po11(ED

[X] = [Pyy1LE] + [Pio] U] - [Py3]) 7 [P TIE]
[X] = [RI[E],

where
-1
[R] = [Pna] + [Pro][UF] - [Pp2]| [P ]
But
- - - 9 -
vi 1 FE} Eq
1 1
Va Vi1 Ey Eq
[X] = 5| = and [E] = 5| =
Vi Vi Ei Ein
2 2
Va Wiv Ezj Eyy

from Fig. 8. Thus [R] is the scattering matrix initially desired. If an input signal is
applied to only one port, such as port 1, then using [R] we find the output at each port
in terms of [R], thusly in terms of the diode states {I'4, I'z, I'c, I'p}, and the scattering
matrix for the couplers [S]. It has been assumed that the couplers are identical; how-
ever, the extension of the above development to include the case where the couplers

have different scattering matrixes is straightforward. Also, it has been assumed that inter-
connecting lines between couplers are equal in length. If they were not, it would be
necessary to modify the earlier voltage relationships between the input and output volt-
ages to

E} = V3eiaa g3 = viel™
El = Viel% E} = viel%2
EZ = v3ed%  E3 = vieU%s

2 -ja 4 2 -ja
E4—V§€J4 E2—V4e]4,

where a; denotes the electrical lengths of the interconnections. Again, the modifications
to the earlier result would be straightforward.

15
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The desired result [R] has been obtained in terms of matrixes which have been de-
fined from other more complicated matrixes, which have, in turn, been defined by even
more complicated matrixes. To obtain [R] directly in terms of the various components
of the individual coupler scattering matrixes and the diode reflection coefficients would
be a rather arduous task. However, numerical solutions can readily be obtained by the
use of a computer.

SPECIFIC ERROR ANALYSIS

We can find [R] directly if we assume that the couplers are identical and ideal ex-
cept for an unbalance in the outputs. The scattering matrix of each coupler would be

(0 0o T jCl
0 0 jC T
[S] = _
T jc 0 0
iC T 0 0
T jC

Using [011] = [095] = [0] and [0;5] = [091] = c , we can insert these values
jc T

in our earlier derivations to obtain [R]. If a unit voltage is applied to only one input,
such as input 1, then V; = R;; E; = R;; is obtained, where i = 1, 2, 3, 4.

Identical results are obtained more simply by tracing through Fig.,6 and keeping
track of the voltage (phase and amplitude) as the four possible paths from the input to
the output in question are traced. Using this technique, one quickly obtains

Vi = T4L, - T2C2Ty - T2C2I, + C4TYy,

v, = i[T3CT, - TC3T5 + TECT, - TC3FD]

Vg = j[T3CFA + T3CTg ~ TC3T - TC3I‘D]

vV, = —[T202FA + 7‘2621“3 + T2C2[, + T2021"D] .

If the couplers are ideal, then T2 + C2 = 1 and T? = C2 = 1/2 for perfect balance in the
outputs. Denote by (P,)j the normalized power at the ith port when the diode states are
chosen from Table 1 to give the output (in the idealized case) at the jth port. Port 2 is
unused and terminates in a matched load, and will not be considered. The two desired
outputs are ports 3 and 4; when port 3 is selected (for either of its two phase settings)
port 4 will be terminated, and vice-versa. The reflected power at the input is (P;)J,
where j = 3, 4. If ideal diodes are assumed, I, = *1; thus

16
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(), = (T2 -C2)?

P, = (12 -C2)*
(Py); = 4T2C?
(Py), = (4T2C2%)%.

Since | T2 - C2| < 1, the worst-case reflection occurs when port 3 is chosen as the output.
Also, the transmission loss to port 4 is twice the transmission loss to port 3, expressed in
decibels, since (Py), = [(Ps )3]2. Therefore, (P3), represents the possible amplitude mod-
ulation of the signal as diode states are switched to change the phase. These quantities
are expressed in decibels and plotted as a function of power coupling C? in Fig. 7.

0.8

)

o

" ot

(7] o

g 0.6 =

~ o
17

2z

5 S

o

2] g

=04 =)

2 &

P4 [+

[

-

©
M)

1 L [

035 0.4 0.45 0.5 0.55 0.6 0.65
COUPLING (LINEAR)
—l ] 1 1 | ]
45 4.0 3.5 3.0 2.5 2.0
COUPLING (dB)
| L - - 1 1 1 L t | 1 i 1 1
-30 -2.0 ~1.0 0 +1.0 +2.0 +3.0

UNBALANCE (dB)
Fig. 7T—Effect of hybrid unbalance on phaser loss

If other components are ideal, the hybrid unbalance does not cause phase error. It
should be emphasized that the transmission and return losses shown in Fig. 7 are the con-
sequence of hybrid unbalance only.

Loss and amplitude modulation are also caused by departure from the ideal open/short
conditions of any real diodes. For a forward-biased diode, denote the reflection coefficient
Ir = Arexp(jay); for a reverse-biased diode denote I = A, exp(ja,). Ideally, Ay = A, = 1,
ar=m,and a, = 0. In practice, Ay< 1, A, <1,ar=7+ ¢, and @ = 0 + €. Since the

17
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diode states occur in pairs, i.e., both diodes terminating the output ports of either quad-
rature hybrid have the same bias, then for ideal hybrid couplers with equal power split,

Vi(App=  0°) = —Agel%

Vy(App = 180°) = -4, /%
Va(Bpr= 90°) = —j 5 [4;ef% - 4,&%]

Va(App = 270°) = j % [Afefaf - A,.eja’]

where V;(Agp = ) denotes the voltage out at the ith port when the diode states are
chosen from Table 1 to give a differential phase shift ¢ under ideal conditions. These
relationships for the output voltages assume that all diodes in the same state, i.e., having
the same bias, have identical reflection coefficients. ’

It is easy to see that if the phase errors of the diode reflection coefficients are zero,
then magnitudes less than unity will cause no phase errors in the phasor. The maximum
transmission loss due to the diode loss will be

Maximum Loss (dB) = —20 log;, (smaller of {A,, Af}).

Loss is shown as a function of reflection coefficient magnitude in Fig. 8. The minimum
transmission loss will be

Minimum Loss (dB) = —20 log, (larger of {4,, A .

The 90° and 270° phase states will have a transmission loss between these two values,
since if A < B, then

A2 < %(A+B)2 < B2,

The amplitude modulation of the phaser will be the difference between the maximum and
minimum values of transmission loss.

Phase errors, ie., departures from the phases of an ideal open and short, of the diode
reflection coefficients cause both amplitude loss and phase errors in the output of the

phaser. . If unity magnitude for the reflection coefficients and ideal quadrature couplers
with zero unbalance are assumed, then

V4(A\1}I= Oo) = —ejaf =1 /_ ef

Vy(Ay; = 180°) = —'%

1L 180° + ¢,

Va(Adr= 90°) = 5 & (efor - o)

€ — € €r + €
= cos(f r)L 90° + ! .

2 2
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Fig. 8—Phaser transmission loss vs diode reflection coefficient magnitude

Vs(Ady = 270°) = +j 5 (1% - &%)

€f ~ € € + €
cos<f r>L270°+ f -

2 2

Thus

: €f — €r
Maximum Loss (dB) = —20 log | cos’ 5

and minimum loss (dB) = 0. Note that if €, = €7 = €, then the transmission loss is zero
and the differential phase shift error is also zero since each phase state is shifted by the
same amount,

It is apparent that if the forward- and reverse-bias reflection coefficients of the diode
were plotted on a Smith chart, and the resulting “short” and ‘“‘open” had equal magni-
tudes (less than unity) but were 180° apart, corresponding to €, = €¢, the phaser would
be lossy but would have no amplitude modulation and no differential phase error. Since
a practical diode will typically be inductive when forward biased and capacitive when
reverse biased, the respective phase errors €7 and €, will have the same sign (negative). A
diode with the correct parasitics will give Iy = —I'; therefore, A= A, and € = ¢,. This
is at a single frequency, of course. The techniques for making the “open” and ‘“‘short”
track, i.e., Iy = —T},, over a broad frequency band are beyond the scope of this report;
however, the same tracking techniques [3] used for 180° diode phase shifters are applicable.

Other component imperfections that will affect the phaser performance include the
isolation, mismatch, transmission loss, and departure from phase quadrature of the hybrids,
variation of interconnecting line lengths, as well as transfer switch characteristics. The
latter has not been included in the error analysis since the transfer switch could be any
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one of several types; its performance limitations would be added to those of the matrix/
diode array since it is in series. The effect of hybrid loss is obvious; the effects of other
component errors or limitations are generally interrelated, and a solution would best be
obtained by the use of a computer implementing the general error analysis described
earlier with specific component parameters.

CONCLUSION

The phase shifter described in this report is similar to the conventional 180° phase
shifter obtained by terminating two ports of a 3-dB coupler with PIN diodes and biasing
the diodes to -obtain effective open or short circuits. By using 4-phase quadrature, 3-dB
couplers in a matrix arrangement to form an 8-port device and by terminating four ports
with appropriate diode opens and shorts, 2-bit or 90° phase resolution is obtained. A
transfer switch must be used to complete the phaser since the output port depends upon
the phase state. By incorporating one additional transfer switch and a 45° Schiffman
constant phase shift section, 3-bit or 45° resolution is obtained.

The interesting feature of this phase shifter is that it achieves the 90° resolution by
using the phase quadrature output relationship of the 3-dB hybrid couplers. With reason-
ably well-matched hybrids there are no high-Q resonant cavities to cause loss spikes. The
operational bandwidth is potentially very large, the principal limitations being hybrid
bandwidth and frequency sensitivity of the diode open and short states.
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